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1. Introduction 

Qubits, units of quantum information, have been realized in various systems; for 
instance, in electrons floating on liquid helium,1,2 nuclear spin states of liquids,3 
spin states of quantum dots coupled to superconductors,4,5 and rare-earth-doped 
solids.6,7 A requirement for a functioning qubit is that it maintains its quantum state 
for a long time (at least until read-out) and should, therefore, be isolated from its 
environment and unwanted external fluctuations. However, complete isolation is 
undesired since it would not allow for spin entanglement that is a prerequisite to 
perform quantum manipulations. Isolated atoms possess well-defined quantum 
states and have been used to fabricate a general-purpose 5-qubit quantum 
computer.8 However, the incorporation of atoms in devices requires ion traps or 
optical lattices. Point defects in semiconductors or insulators can exhibit behavior 
similar to atoms and have been shown to be suitable for quantum computing 
applications.9,10 Electronic states of deep defect centers are composed of atomic 
orbitals of neighboring atoms that are localized and typically found within, or close 
to, the band gap. A prototypical, well-studied example of a deep center and 
promising candidate qubit material is the diamond nitrogen vacancy (NV).11–13 
While the diamond NV is individually addressable and can be initialized, 
manipulated, and measured at room temperature,12 it is difficult to manufacture 
diamond devices on a large scale.  

A technologically advanced material that is used in semiconductor electronic 
devices is silicon carbide (SiC). It can be grown in large single crystals, has a wide 
band gap,14 can either be p- or n-type doped, exhibits small spin-orbit coupling,15 
and has zero nuclear spin in its most common isotopes. A variety of stable defects 
such as monovacancies, divacancies, antisites, NV centers, and defect 
combinations have been identified in SiC16–18 and considered as potential qubit 
materials.19 The wealth of polytypes that exist in SiC provides the possibility of 
tuning the location of the defect energy levels within the band gap for qubit 
applications.9,10 The more common polytypes are 4H, 6H, and 3C.  

Here, we focus on the neutral divacancy in 4H-SiC that has been shown to be 
individually addressable in the near IR.20 The localized triplet ground state of the 
defect can be optically spin polarized similar to the diamond NV center10 and is 
schematically shown in Fig. 1. The mS = 0 and –1 spin sublevels of the 3A state can 
function as the qubit states. Optical initialization proceeds through a spin-
conserving transition from the 3A to the 3E state followed by a spin-selective 
nonradiative decay to an intermediate 1A state that allows optical pumping into the 
mS = 0 sublevel of the 3A ground state. After initialization, the qubit states can be 
coherently manipulated with pulsed microwaves, and their spin-state can be read 
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out by spin-dependent measurement of the photoluminescence intensity after 
electronic excitation.21 The photoluminescence spectra of the divacancy in 4H-SiC 
display 4 distinct zero phonon lines (ZPLs)21 stemming from the 4 possible 
divacancy configurations depicted in Fig. 2. The measured ZPLs correspond to the 
transition between the 3A state and the structurally relaxed 3E state, as displayed in 
Fig. 3. 

 

Fig. 1 Schematic representation of the optical initialization of the qubit states for the 
neutral divacancy defect in 4H-SiC (transition energies from Shi et al.1) 

 

 

Fig. 2 Four inequivalent forms of the divacancy defect in 4H-SiC, hh and kk axial 
divacancies, hk and kh basal divacancies; carbon = teal, silicon = yellow 
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Fig. 3 Configuration coordinate diagram for the 3A to 3E transition indicating adiabatic 
ZPL, vertical absorption, and vertical emission lines 

The majority of prior computational work on defects in 4H-SiC has been focused 
on ground state properties. In particular, the calculation of hyperfine tensors enables 
comparison between computational and electron paramagnetic resonance results 
facilitating experimental assignment.16–18,22–26 Defect formation energies as a 
function of the Fermi level and charge state transition levels have been 
computed19,22, 26–30 to determine which charge states are likely to form. In that work, 
a wide range of computational cell sizes have been used, ranging from cells 
containing 96–576 atoms. The calculations have been carried out utilizing the local 
density or generalized gradient approximation (GGA), with some studies19,26,27 
employing a more computationally demanding hybrid functional. Depending on 
system and property studied, pure density functionals can introduce large errors due 
to the underestimation of the band gap. For instance, for the negatively charged 
carbon vacancy it has been reported that the application of pure density functionals 
leads to an incorrect ground state.26 For interstitials and single vacancies in 3C-SiC, 
it was found that pure density functionals under- or over-estimate defect formation 
energies depending on the charge state.31 Nonsystematic errors as a function of the 
charge state lead to shifts in the charge transition levels, which has been observed 
for the divacancy in 4H-SiC to be 0.5 eV.27 

Calculated ZPLs for defects in 4H-SiC have been reported to a lesser extent. The 
NV center in 4H-SiC shows properties similar to the analogous defect in diamond 
but with a smaller ZPL for the triplet-triplet transition.10,19,32,33 ZPLs have been 
calculated for the neutral divacancy defect using the constrained density functional 
theory (DFT) approach.32,34 Again, the under-estimation of the band gap with pure 
density functionals is a potential source of error since localized acceptor states 
originating at the defect may incorrectly interact with states in the conduction band 
or may be erroneously located above the conduction band edge. As a partial 
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remedy, hybrid functionals were used in the calculation of ZPLs of divacancy 
defects employing small computational cells of 96 atoms,10,34 where the achieved 
accuracy was reported to be within 0.1 eV34 based on comparison of computed 
ZPLs with experiment results. Furthermore, ZPL calculations were carried out32 
with a computational cell containing 432 atoms and a hybrid functional. Since a 
cell of this size is very resource-intensive when using hybrid functionals, 
computational parameters were chosen to minimize computational demands (small 
energy cutoff for norm-conserving pseudopotentials, GGA geometries). 
Alternatively, the excitation spectrum of the neutral divacancy has been studied 
with time-dependent DFT,35 albeit within a finite cluster approximation.  

If inaccuracies of standard GGA functionals necessitate the application of hybrid 
functionals, or even many-body techniques such as the GW method for excitation 
spectra, then the practical size limit for the computational cell is comparatively 
small. However, if supercells are chosen that result in errors due to finite size effects 
that are larger than the errors introduced by the level of theory, it is not sensible to 
perform calculations at high levels of sophistication. Focusing on the hh divacancy 
in 4H-SiC, in this work we explore the effect of computational cell size on defect 
properties relevant to the exploitation of the defect for qubit applications. We use 
standard GGA to examine large systems with the expectation that the results are 
transferrable to other DFT functionals. We also probe the computational cell-size 
dependence of the highest occupied Kohn-Sham defect state, which gives a first 
indication of the cell size needed for GW approaches. 

2. Computational Methods 

All computation were performed with the Quantum Espresso36 (QE) program 
package. We employed the Perdew-Burke-Ernzerhof (PBE) functional37 within 
DFT and a Martins-Troullier norm-conserving pseudopotential available on the QE 
webpage. We tested convergence behavior with and without the Grimme D2 
dispersion correction.38,39 A kinetic energy cutoff of 70 Ry was used, which yields 
a 0.001% total energy deviation relative to the energy of 4H-SiC calculated with a 
552-cell expansion (400 atoms), a 2 × 2 × 2 Monkhorst-Pack k-point mesh, and an 
80-Ry cutoff.  

The cell expansions generated in this work were derived from the 8-atom hexagonal 
unit cell for bulk 4H-SiC with ABCB stacking, shown in Fig. 4. The Monkhorst-
Pack k-point mesh employed depends on the cell size and is given in Table 1. 
Variations in bulk lattice parameters due to differing cell expansions and k-point 
grids, were below 10-3 Å. Calculated lattice parameters were 3.069 Å, 10.060 Å and 
3.087 Å, 10.105 Å, respectively, with and without dispersion correction.
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Fig. 4 Cell expansion (111, hexagonal unit cell) of 4H-SiC indicating cell parameters (a, c) 
and hexagonal (h), cubic (k) atom positions; carbon = teal, silicon = yellow 

Table 1 Cell expansions and k-point meshes used in the calculations 

Cell 221 331 341 441 551 661 771 881 
Mesh 442 332 322 222 222 222 222 222 
Cell 991 222 332 442 552 662 772 . . . 

Mesh 222 441 331 221 221 221 221 . . . 
 
We investigated properties of the hh divacancy defect in 4H-SiC (Figs. 2 and 4). 
We compared full defect relaxation including lattice and ionic position optimization 
with ionic position optimization only; the latter is termed partial. Defect formation 
energies were calculated as 

 𝐸𝐸𝑓𝑓 = 𝐸𝐸𝑑𝑑 − 𝐸𝐸𝑏𝑏 + 𝜇𝜇𝐶𝐶 + 𝜇𝜇𝑆𝑆𝑆𝑆 + 𝛥𝛥𝐻𝐻𝑓𝑓 + 𝑞𝑞(𝐸𝐸𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 + 𝑉𝑉𝑉𝑉𝑉𝑉) + 𝐸𝐸𝑐𝑐, (1) 

where Ed is the defect energy, Eb the bulk energy, μC the chemical potential of 
carbon, μSi the chemical potential of silicon, q the charge state of the defect, EFermi 
the Fermi energy, and VBM the valence band maximum of the bulk. The enthalpy 
of formation of SiC, ΔHf, was added assuming a carbon-rich environment. The 
energy term EC corrects for interactions of periodically repeated charged defects 
and the interaction of the defect with the uniform background charge that is 
introduced by QE in calculations of charged systems. We used the code 
sxdefectalign40,41 to compute EC. To obtain Ed and Eb consistently in Eq. 1, the bulk 
lattice and ionic positions were optimized using the same cell expansion and  
k-point mesh as for the defect calculation. 
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For the 552 cell expansion we computed 2 spin states per charge state. The  
most-stable spin states for the neutral, –1, +1, –2, and +2 hh defects are the triplet, 
doublet (–1, +1), and singlet (–2, +2) states, respectively, confirming the results in 
Iwata et al.27 For all other cell expansions and charge states, we computed the spin 
states that were determined to be lowest using the 552-cell expansion. 

We used the constrained DFT formalism to compute excitation energies for the 
neutral triplet state of the hh divacancy defect. Since constrained DFT is 
implemented in QE for Gamma-point calculations only, all excitation energies are 
given relative to the Gamma-point ground state energy for which the geometry was 
obtained employing the k-point mesh as previously outlined. The local symmetry 
of the hh defect is C3v. The absorption energies were calculated using the ground 
state geometries and by promoting an electron within the minority spin block from 
the defect a state (highest occupied state), to the defect e state (lowest unoccupied 
state) with occupation 0.5 per degenerate single electron wave function. The local 
defect a and e states of the ground state are visualized in Fig. 5. When only one of 
the e states was occupied, the vertically excited state did not converge. When either 
full or partial relaxation of the excited state was allowed, we obtained excited states 
with 0.5/0.5 and 1/0 occupation of the e states. Using 0.5/0.5 occupancy of the  
e state maintained degeneracy in the excited state while 1/0 occupation caused a 
splitting of the e states in the excited state. The 1/0 adiabatic excited state was 
calculated to be lower in energy than the excited state with partial occupation. ZPLs 
were calculated as the difference between the structurally relaxed excited and the 
ground state. The emission energy is the energy difference between relaxed excited 
state and the ground state at excited state geometry.  

 

 

Fig. 5 Defect states of the neutral triplet hh divacancy in 4H-SiC using a 552-cell expansion; 
v = divacancy, carbon = teal, silicon = yellow 
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3. Results and Discussion 

In the following we discuss properties of the hh divacancy in 4H-SiC that are 
relevant to the study of the defect as a candidate qubit. We compare the 
convergence of these properties with respect to the computational cell size within 
the DFT framework with and without the inclusion of dispersion effects and for full 
and partial structural relaxation of the defect.  

3.1 Defect Formation Energy 

The charge state of the divacancy in 4H-SiC that has been shown to function as a 
qubit is the neutral charge state. The concentration of that defect in 4H-SiC can be 
related to the defect formation energy, which we investigate in the following. 
Figure 6 shows the formation energy of the neutral triplet divacancy defect in 
4H-SiC as a function of the computational cell parameter a (see Fig. 4). Initially, 
we used increasing cell expansions in a, while the cell expansion in c was kept at 
one. We observed that defect formation energy differences between full and partial 
structural relaxation were below 0.01 eV for cell expansions larger than 221  
(a = 6 Å), indicating that the lattice parameters of the bulk can be used for defect 
calculations. Although the values of the defect formation energy differ by about  
0.5 eV, we find the same convergence behavior with respect to cell size for 
calculations with and without dispersion corrections. For the 551-cell expansion  
(a = 15 Å) and larger, we expected an error in the defect formation energy due to 
finite cell size along a below 0.05 eV. Figure 7 depicts the formation energy of the 
neutral defect as a function of the cell parameter a using a cell expansion in c of 
twice the lattice parameter. Again, partial relaxation is sufficient for defect 
formation energy calculations. Although the defect formation energy is not a 
monotonic function of a when dispersion is not included, we expected an error 
below 0.05 eV due to finite size effects along a for the defect formation energy 
when a 552-cell expansion (a = 15 Å) or larger is used with and without dispersion 
corrections. 
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Fig. 6 Defect formation energy (Ef) in electronvolts (eV) for the hh divacancy defect in 4H-
SiC as a function of the cell parameter a in Å while c is kept at unit cell value, PBE with and 
without dispersion (D), and full and partial relaxation. Data points marked x are obtained 
with the 341-cell expansion, and values for a are averaged. 

 

Fig. 7 Defect Ef in eV for the hh divacancy defect in 4H-SiC as a function of the cell 
parameter a in Å while c is kept at twice the unit cell value, PBE with and without D, and full 
and partial relaxation 
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To compare defect formation energies for cell expansions along all directions, we 
plotted the defect formation energies obtained with the PBE functional without 
dispersion correction, and with full relaxation, as a function of a for expansions of 
1 and 2 along c in Fig. 8. The defect formation energy tends to decrease with 
increasing a (with some irregularities likely due to error sources other than finite 
size effects), while it typically increases with increasing c (see Fig. 4). However, 
when a 551 expansion (a = 15 Å) or larger is employed in a, a combined error due 
to finite size effects in a as well as in c of below 0.05 eV is estimated. To ensure 
that our conclusion is not affected by using too small of an expansion along c, we 
calculated the defect formation energy for a 443 expansion (a = 12 Å), which differs 
from the defect formation energy for the 442 expansion by less than 0.01 eV  
(Fig. 8). We have also included the defect formation energy for the 341 expansion 
(marked with x in Figs. 6 and 8) since it has been reported to yield ZPLs to within 
0.1-eV accuracy34 with respect to all computational error sources. According to our 
results, the error in the defect formation energy due to finite size effects for the 341 
expansion is on the order of 0.1 eV. Overall, we recommend a 551 expansion of the 
computational cell for the calculation of the formation energy of the neutral defect 
yielding an error below 0.05 eV due to finite size effects.  

 

Fig. 8 Defect Ef in eV for the hh divacancy defect in 4H-SiC as a function of the cell 
parameter a in Å, PBE without D, and full relaxation. Data point marked x is obtained with 
the 341-cell expansion, and the value for a is averaged. 
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3.2 Defect Level Position 

Bandgaps and defect level positions have to fulfill certain criteria for a defect to be 
viable as a qubit.10 Also, methods that go beyond DFT (GW/ Bethe-Salpeter) often 
use DFT wave functions and single particle energies to improve upon. In this 
section we analyze the defect level position of the highest occupied defect level 
(a state in Fig. 5) relative to the valence band maximum of the bulk (Δε). We do 
not attempt convergence testing for band gaps or unoccupied single particle 
energies since the latter have only little meaning within the DFT framework. 

Figure 9 shows Δε as a function of the cell parameter a when maintaining c at the 
unit cell value. It appears that the defect level position is not converged with respect 
to computational cell size in a. Notice, however, that the difference in Δε over the 
entire range of a does not exceed 0.07 eV. Trends for PBE with and without 
dispersion as well as full and partial relaxation are very similar. In contrast to defect 
formation energies, where the inclusion of dispersion has a much larger effect than 
the relaxation scheme, we find that the effect of dispersion on the defect level is of 
similar magnitude to the relaxation of the lattice parameter in the defect 
calculations: neither exceeds 0.04 eV. In Fig. 10, we plot Δε as a function of the 
cell parameter a for a cell expansion of 2 along c. Again, trends for PBE with and 
without dispersion, as well as full and partial relaxation, are similar. Δε reaches 
convergence with a, yielding a residual error of about 0.02 eV for a 552-cell 
expansion (a = 15 Å). Notice that the difference in Δε (0.5 eV) over the range of a 
is very large compared with the data shown in Fig. 9. Also, the effect of dispersion 
or lattice parameter relaxation in the defect calculations does not exceed 0.02 eV in 
Δε. 
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Fig. 9 Highest occupied defect level relative to bulk valence band maximum (Δε) in eV for 
the hh divacancy defect in 4H-SiC as a function of the cell parameter a in Å while c is kept at 
unit cell value, PBE with and without D, and full and partial relaxation. Data points marked 
x are obtained with the 341-cell expansion, and values for a are averaged. 

 

Fig. 10 Highest occupied defect level relative to Δε in eV for the hh divacancy defect in  
4H-SiC as a function of the cell parameter a in Å while c is kept at twice the unit cell value, 
PBE with and without D, and full and partial relaxation 
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In Fig. 11 we compare the dependence of Δε on the cell parameter a for an 
expansion of 1 (XX1) and 2 (XX2) along c using PBE without dispersion and full 
relaxation. We also include the value of Δε for a 443 expansion (a = 12 Å), which 
is 0.05 eV larger than Δε for the 442 expansion. Although this indicates that testing 
should be continued to include a data series with an expansion of 3 along c, these 
calculations are too resource-intensive for this work. From Fig. 11, we determine 
that for the calculation of defect levels, a cell expansion of no less than 552 should 
be used. The error due to finite size effects is difficult to estimate but is expected to 
be smaller than 0.05 eV (difference in Δε between 442 and 443 expansion). For a 
341-cell expansion, we observe a fortuitous error cancellation between size effects 
along a and c. 

 

Fig. 11 Highest occupied defect level relative to Δε in eV for the hh divacancy defect in  
4H-SiC as a function of the cell parameter a in Å, PBE without D, and full relaxation. Data 
point marked x is obtained with the 341-cell expansion, and the value for a is averaged. 

3.3 Charge Transition Levels 

The calculation of the formation energies for possible defect charge states, as a 
function of the Fermi level (which may be varied experimentally through doping), 
determines the most likely charge state. In 4H-SiC, an optical switching between 
divacancy charge states has been observed.42,43 The hypothesized mechanisms 
involve a +1 charge state42 and a –1 charge state.43 Determining computationally if, 
and for which, Fermi levels a charge transition between the neutral and the +1  
or –1 charge state occurs may strengthen either hypothesis. The calculation of 
formation energies for charged defects converges very slowly with cell size due to 



 

Approved for public release; distribution is unlimited. 
13 

the long-ranged Coulomb interactions between periodic images. This is 
compensated for by the inclusion of a correction term as discussed in Section 2.  

The hh divacancy defect formation energy of the neutral, +1, –1, +2, and –2 charge 
states in their most stable spin states (see Section 2) as a function of the EFermi for a 
551-cell expansion calculated with PBE without dispersion and full relaxation is 
plotted in Fig. 12. The EFermi ranges from 0 to the experimental band gap of  
3.23 eV,14 and the dotted line in the figure indicates the location of the PBE band 
edge. The black line traces the most stable charge state (lowest defect formation 
energy) as a function of the EFermi. The neutral divacancy, which is the defect state 
observed in photoluminescence spectra,21 is most stable for an EFermi between  
0.3 and 1.4 eV. At lower and higher EFermi’s, we observe a stability window of  
0.3 eV for the +1 and –1 charge states. Although this finding does not disqualify 
the charge state conversion mechanism involving neither the +1 nor the –1 charge 
state, it suggests control of the mechanism through doping, shifting the probability 
of charge state creation toward the +1 or –1 charge state. Our results are similar to 
previously published PBE data27 for transition levels and defect formation energies. 
Note, however, the sensitivity of the transition levels to the functional choice. The 
Heyd-Scuseria-Ernzerhof (HSE) functional yields a defect formation energy for the 
neutral divacancy that is 0.8 eV higher than that computed with the PBE 
functional27 resulting in shifts in the transition levels by 0.5 eV.27,34 

 
Fig. 12 Defect Ef in eV for the hh divacancy defect in 4H-SiC as a function of the EFermi in 
eV relative to the valence band maximum sweeping from 0 eV to the experimental band gap 
for the neutral triplet (0, T), +1 doublet (+1, D), –1 doublet (–1, D), +2 singlet (+2, S), –2 singlet 
(–2, S), and most stable states. PBE band gap indicated by vertical dotted line, 551-cell 
expansion, PBE without D, and full relaxation. 
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Since we determined that a cell expansion of at least 551 is required to compute 
defect formation energies of the neutral hh divacancy, we investigated the 
dependence of the transition levels on computational cell size starting with a 551 
expansion and extending to 552-, 661-, 662-, 771-, and 772-cell expansions. We 
added the 341 expansion because of its use in the literature.34 The corresponding 
transition levels for the different cell expansions computed with and without 
dispersion, as well as full and partial relaxation, are given in the Appendix (Figs. A-
1 to A-7). Although the defect formation energy difference between the neutral 
divacancy computed with and without dispersion (0.5 eV) is nearly as large as the 
difference computed with PBE and HSE (0.8 eV),27 the effect of dispersion on the 
transition levels is less than the effect of exact exchange interactions, indicating a 
more consistent impact of dispersion on the different charge states. Dispersion has 
a larger influence on the +1/0 transition level (0.1 eV) than it has on the –1/0 and  
–1/–2 transition levels (0.02 eV). Lattice relaxation in the defect calculations affects 
the transition levels for the 341 expansion more than for larger cells. For 551 and 
larger cell expansions, the effect of lattice relaxation is below 0.1 eV for transition 
levels involving negative charge states but is higher for the +1/0 transition level 
with up to 0.18 eV.  

In Fig. 13, we plot the EFermi at which charge transition occurs as a function of the 
cell parameter a calculated without dispersion and full relaxation. A series of lattice 
expansions along a, for an expansion of 1 (XX1) and 2 (XX2) along c, are 
compared. Using a 341 expansion (a = 11 Å), we expect an error of about 0.2 eV 
in the transition levels due to finite size effects. We do not observe systematic 
convergence behavior with cell size for the +1/0 transition. The transition levels 
involving negative charge states appear converged with respect to cell size using a 
551-cell expansion (a = 15 Å) with a residual error of 0.01 eV. The same conclusion 
can be drawn from a plot of the transition levels calculated with inclusion of 
dispersion interactions and full relaxation in Fig. A-8 of the Appendix. Note that 
the 551 expansion was used in the preceding discussion and in Fig. 12. While we 
estimate an error of 0.01 eV in transition levels due to finite size effects for a  
551-cell expansion, nonsystematic errors of 0.2 eV evidently occur in the 
calculation of formation energies for charged defects.  
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Fig. 13 EFermi in eV for the hh divacancy defect in 4H-SiC at which transition between  
+1 and neutral (+1/0), neutral and –1 (0/–1), –1 and –2 (–1/–2) charge states occurs as a 
function of the cell parameter a in Å, PBE without D, and full relaxation 

3.4 Zero Phonon Line 

The ZPL is the energy difference between the 3A state and the structurally relaxed 
excited 3E state, as displayed in Fig. 3. This transition is vital for the optical 
initialization and read-out of the qubit states and is measured in photoluminescence 
spectra.21 In this final section, we analyze the convergence properties of the ZPL 
for the hh divacancy with respect to computational cell size. 

The absorption, zero phonon, and emission lines for the same cell expansions as 
those used for transition levels in Section 3.3 calculated, with and without 
dispersion, as well as full and partial relaxation, are given in Figs. A-9 to A-15 of 
the Appendix. The inclusion of dispersion consistently increases all excitation 
energies by 0.06 to 0.08 eV for all cell expansions considered. While the error due 
to the neglect of lattice relaxation in the defect states for the 341 expansion reaches 
up to 0.05 eV, it is 0.01 eV or below for the 551 expansion and larger.  

Figure 14 contains excitation energies as a function of the cell parameter a for an 
expansion of 1 (XX1) and 2 (XX2) along c calculated without dispersion and full 
relaxation. While the difference in excitation energies between the XX1 and XX2 
expansions is small, a maximum deviation of 0.03 eV for the ZPL using a 77X 
expansion, the excitation energies continue to decrease for increasing a. To reduce 
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the error resulting from finite size effects to a threshold of 0.1 eV for ZPLs, we 
estimate that a 661 expansion (a = 19 Å) is required. The same conclusion can be 
drawn from the plot of the excitation energies as a function of a calculated with 
dispersion and full relaxation given in Fig. A-16 of the Appendix. Note that QE 
only allows for Gamma point calculations when employing constrained DFT, 
which may influence some of the observed convergence behavior. Table 2 
compares excitation energies calculated previously with HSE and a 96-atom 
supercell (341 expansion),34 the ZPL computed with HSE and a 432-atom 
supercell,32 the experimental ZPL for the hh divacancy,21 and our PBE results for 
the 661-cell expansion (286-atom supercell) with and without dispersion. It is 
unclear what k-point mesh was used in the previous computations. Although our 
value for the ZPL calculated with PBE including dispersion interactions and full 
relaxation deviates from the experimental ZPL by only 0.05 eV, the agreement is 
most likely fortuitous since the error due to cell size expansion is of the same order, 
and errors due to the neglect of k-point sampling beyond the Gamma point for 
excitation energies, functional choice, and pseudopotential are unknown.  

 
Fig. 14 Absorption (Abs), ZPL, and emission (Em) lines in eV for the hh divacancy defect in 
4H-SiC as a function of the cell parameter a in Å, PBE without D, and full relaxation 
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Table 2 Abs, ZPL, and Em lines for the hh divacancy defect in 4H-SiC in eV comparing 
calculated and experimental literature values with PBE results with and without D using full 
relaxation and a 661-cell expansion 

Line Ref. [34] Ref. [32] PBE PBE+D Exp. [21] 
Abs 1.18 . . . 1.12 1.19 . . . 
ZPL 1.13 1.06 0.98 1.05 1.095 
Em 1.09 . . . 0.89 0.95 . . . 

 

4. Conclusions 

We investigated ground and excited state properties of the hh divacancy defect in 
4H-SiC. Its neutral charge state can function as a qubit that is individually 
addressable in the near IR.20 Other charge states may also play a role in quantum 
information storage and have been reported to be intermediate states in optical 
experiments.42,43 We focused on the calculation of properties that are relevant to the 
defect functioning as a qubit.  

We computed defect formation energies of the neutral and charged hh divacancy 
with corresponding charge transition levels, the position of the highest occupied, 
localized defect state within the band gap, and excitation energies for the 3A to 3E 
transition (Abs, ZPL, and Em), which is essential for optical initialization and  
read-out of the qubit. We used the PBE functional but believe that the results are 
transferable to other DFT functionals. In particular, we studied convergence 
behavior with respect to computational cell size and compared results with and 
without the inclusion of dispersion interactions. In addition, we contrasted results 
obtained with full defect relaxation including lattice and ionic relaxation with 
values calculated with partial relaxation carrying out ionic defect relaxation only.  

We found that the error due to the omission of lattice relaxation in the defect 
calculations tends to be small but should not be neglected for the determination of 
defect level positions and, especially, for the computation of charge transition 
levels, which requires the calculation of formation energies of charged defects. 
While dispersion interactions influence property values, trends in cell size 
dependence are similar in calculations with and without the inclusion of dispersion. 
For the computation of the formation energy of the neutral divacancy defect, we 
recommend a 551-cell expansion, yielding an error due to finite cell size below 
0.05 eV. The same cell expansion appears converged with respect to computational 
cell size for the calculation of charge transition levels with an approximate error of 
0.01 eV. However, we observe unsystematic errors in the charge transition levels 
of 0.2 eV. The calculation of the position of the local defect states relative to the 
bulk valence band maximum requires a 552-cell expansion to reduce errors 
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resulting from finite cell size to below 0.05 eV. Finally, we recommend a 661 
expansion for the calculation of the ZPL with an estimation of the error due to finite 
cell size of below 0.1 eV. The analysis of the convergence properties of the ZPL is 
complicated by the fact that constrained DFT, as implemented in QE, can only be 
performed at Gamma point.  

Although we obtained agreement between the experimental ZPL and the ZPL 
calculated with PBE including dispersion and a 661-cell expansion to within 
0.05 eV, our estimated error due to finite cell size alone is 0.1 eV, and errors due to 
functional choice, k-point sampling, and pseudopotential are unknown. We 
advocate caution when deriving computational accuracy from the comparison of 
computed ZPLs and experimental results without proper error analysis with respect 
to computational parameters. 
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Appendix. Supplementary Charge Transition Levels and Zero 
Phonon Line  (ZPL)
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A.1 Charge Transition Levels 

 
Fig. A-1 Fermi energy (EFermi) in eV for the hh divacancy defect in 4H-SiC at which transition 
between +1 and neutral (+1/0), neutral and –1 (0/–1), –1 and –2 (–1/–2) charge states occurs 
for the 341-cell expansion, Perdew-Burke-Ernzerhof (PBE) with and without dispersion (D), 
and full and partial relaxation 

 
Fig. A-2 EFermi in eV for the hh divacancy defect in 4H-SiC at which transition between  
+1 and neutral (+1/0), neutral and –1 (0/–1), –1 and –2 (–1/–2) charge states occurs for the  
551-cell expansion, PBE with and without D, and full and partial relaxation 
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Fig. A-3 EFermi in eV for the hh divacancy defect in 4H-SiC at which transition between  
+1 and neutral (+1/0), neutral and –1 (0/–1), –1 and –2 (–1/–2) charge states occurs for the  
552-cell expansion, PBE with and without D, and full and partial relaxation 

 
Fig. A-4 EFermi in eV for the hh divacancy defect in 4H-SiC at which transition between  
+1 and neutral (+1/0), neutral and –1 (0/–1), –1 and –2 (–1/–2) charge states occurs for the  
661-cell expansion, PBE with and without D, and full and partial relaxation 
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Fig. A-5 EFermi in eV for the hh divacancy defect in 4H-SiC at which transition between  
+1 and neutral (+1/0), neutral and –1 (0/–1), –1 and –2 (–1/–2) charge states occurs for the  
662-cell expansion, PBE with and without D, and full and partial relaxation 

 
Fig. A-6 EFermi in eV for the hh divacancy defect in 4H-SiC at which transition between  
+1 and neutral (+1/0), neutral and –1 (0/–1), –1 and –2 (–1/–2) charge states occurs for the  
771-cell expansion, PBE with and without D, and full and partial relaxation 
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Fig. A-7 EFermi in eV for the hh divacancy defect in 4H-SiC at which transition between  
+1 and neutral (+1/0), neutral and –1 (0/–1), –1 and –2 (–1/–2) charge states occurs for the 
772-cell expansion, PBE with and without D, and full and partial relaxation 

 
Fig. A-8 EFermi in eV for the hh divacancy defect in 4H-SiC at which transition between  
+1 and neutral (+1/0), neutral and –1 (0/–1), –1 and –2 (–1/–2) charge states occurs as a 
function of the cell parameter a in Å, PBE with D, and full relaxation 
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A.2 Zero Phonon Line 

 
Fig. A-9 Absorption (Abs), zero phonon (ZPL), and emission (Em) lines in eV for the hh 
divacancy defect in 4H-SiC for the 341-cell expansion, PBE with and without D, and full and 
partial relaxation 

 
Fig. A-10 Abs, ZPL, and Em lines in eV for the hh divacancy defect in 4H-SiC for the  
551-cell expansion, PBE with and without D, and full and partial relaxation 
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Fig. A-11 Abs, ZPL, and Em lines in eV for the hh divacancy defect in 4H-SiC for the  
552-cell expansion, PBE with and without D, and full and partial relaxation 

 
Fig. A-12 Abs, ZPL, and Em lines in eV for the hh divacancy defect in 4H-SiC for the  
661-cell expansion, PBE with and without D, and full and partial relaxation 
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Fig. A-13  Abs, ZPL, and Em lines in eV for the hh divacancy defect in 4H-SiC for the 662-cell 
expansion, PBE with and without D, and full and partial relaxation 

 
Fig. A-14 Abs, ZPL, and Em lines in eV for the hh divacancy defect in 4H-SiC for the  
771-cell expansion, PBE with and without D, and full and partial relaxation 
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Fig. A-15 Abs, ZPL, and Em lines in eV for the hh divacancy defect in 4H-SiC for the  
772 -cell expansion, PBE with and without D, and full and partial relaxation 

 
Fig. A-16 Abs, ZPL, and Em lines in eV for the hh divacancy defect in 4H-SiC as a function 
of the cell parameter a in Å, PBE with D, and full relaxation 
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List of Symbols, Abbreviations, and Acronyms 

Δε bulk valence band maximum  

Abs absorption 

D dispersion 

DFT density functional theory 

Ef formation energy  

EFermi Fermi energy  

Em emission 

eV electronvolts 

GGA generalized gradient approximation 

HSE Heyd-Scuseria-Ernzerhof 

IR infrared 

NV nitrogen vacancy 

PBE Perdew-Burke-Ernzerhof 

QE Quantum Espresso 

SiC silicon carbide 

XX1 expansion of x along a, 1 along c 

XX2 expansion of x along a, 2 along c 

ZPL zero phonon line 
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